Single nucleotide polymorphism (SNP) markers are by far the most common form of DNA polymorphism in a genome. The objectives of this study were to discover SNPs in common bean (Phaseolus vulgaris L.) by comparing sequences from coding and noncoding regions obtained from the GenBank and genomic DNA and to compare sequencing results with those obtained using single base extension (SBE) assays on the Luminex-100 system for use in highthroughput germplasm evaluation. We assessed the frequency of SNPs in 47 fragments of common bean DNA, using SBE as the evaluation methodology. We conducted a sequence analysis of 10 genotypes of cultivated and wild beans belonging to the Mesoamerican and Andean genetic pools of P. vulgaris. For the 10 genotypes evaluated, a total of 20,964 bp of sequence were analyzed in each genotype and compared, resulting in the discovery of 239 SNPs and 133 InDels, giving an average SNP frequency of one per 88 bp and an InDel frequency of one per 157 bp. This is the equivalent of a nucleotide diversity (θ) of 6.27 × 10 -3
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Abstract
Single nucleotide polymorphism (SNP) markers are by far the most common form of DNA polymorphism in a genome. The objectives of this study were to discover SNPs in common bean (Phaseolus vulgaris L.) by comparing sequences from coding and noncoding regions obtained from the GenBank and genomic DNA and to compare sequencing results with those obtained using single base extension (SBE) assays on the Luminex-100 system for use in highthroughput germplasm evaluation. We assessed the frequency of SNPs in 47 fragments of common bean DNA, using SBE as the evaluation methodology. We conducted a sequence analysis of 10 genotypes of cultivated and wild beans belonging to the Mesoamerican and Andean genetic pools of P. vulgaris. For the 10 genotypes evaluated, a total of 20,964 bp of sequence were analyzed in each genotype and compared, resulting in the discovery of 239 SNPs and 133 InDels, giving an average SNP frequency of one per 88 bp and an InDel frequency of one per 157 bp. This is the equivalent of a nucleotide diversity (θ) of 6.27 × 10 -3 . Comparisons with the SNP genotypes previously obtained by direct sequencing showed that the SBE assays on the Luminex-100 were accurate, with 2.5% being miscalled and 1% showing no signal. These results indicate that the Luminex-100 provides a high-throughput system that can be used to analyze SNPs in large samples of genotypes both for purposes of assessing diversity and also for mapping studies.
can be distinguished by combining analyses of closely linked SNP alleles (Bhattramakki and Rafalski, 2001) . To compare SNP frequency among DNA fragments of varying length and between populations of diff erent sizes, measures of nucleotide diversity including π (Tajima, 1983) and θ (Watterson, 1975) have been developed that are normalized for length and adjusted for sample size.
When comparing two homologous DNA sequences, variations are estimated to occur at a frequency of about one SNP per kilobase in humans (Wang et al., 1998) . Reports in plants indicate a wide range of nucleotide diversity. For example, Wright et al. (2005) reported nucleotide diversity of θ = 0.00627 in modern maize (Zea mays L.) inbreds, while in sugarbeet (Beta vulgaris L.), a similarly high nucleotide diversity of θ = 0.0077 was reported in a comparison of two genotypes by Schneider et al. (2001) . A calculation of nucleotide diversity in 21.3 kbp of sequence analyzed in fi ve diverse barley (Hordeum vulgare L.) cultivars by Kanazin et al. (2002) indicated θ = 0.0025. A similar level of diversity (θ = 0.0023) was reported in sorghum [Sorghum bicolor (L.) Moench] by Hamblin et al. (2004) . In rice (Oryza sativa L.), Feltus et al. (2004) analyzed 358 Mbp of sequence of the rice subspecies O. sativa ssp. indica and japonica and reported 1.7 single base changes plus 0.11 InDels kbp -1 (θ = 0.00181). Even lower diversity (θ = 0.00097) was present in 77 kbp of sequence in 25 diverse soybean [Glycine max. (L.) Merr.] genotypes (Zhu et al., 2003) . A second report of diversity in 52 soybean landraces determined via the analysis of 53 kbp of genic sequence verifi ed this low level of soybean sequence diversity (θ = 0.00115) (Hyten et al., 2006) .
Large-scale genome-sequencing programs off er potential solutions to the scarcity of markers that can be used in elite populations. Tomato (Lycopersicon esculentum var. esculentum P. Mill.) microsatellites (or simple sequence repeats) comprise one example of genetic markers that can be mined from existing sequence data (http://www.sgn.cornell.edu). Single nucleotide polymorphisms are another example of genetic markers that can be mined from sequence data. Th ey are useful for characterizing allelic variation and mapping genomes, and as a tool for marker-assisted selection.
Before this project began, few data were available for establishing sequence polymorphism in common bean (Phaseolus vulgaris L.), with only 575 expressed sequence tags (ESTs) held in public EST collections.
For our study, we assessed the frequency of SNPs in 47 fragments of P. vulgaris DNA, using single base extension (SBE) as the evaluation methodology. Th ese fragments were obtained from coding and noncoding regions, and from genomic DNA. We conducted a sequence analysis of 10 genotypes of cultivated and wild beans belonging to the Mesoamerican and Andean genetic pools of P. vulgaris. Our work focused on (i) assessing SNP frequency in coding and noncoding regions of P. vulgaris DNA; and (ii) implementing a protocol for SNP genotyping in common bean. Th is protocol will help develop an SNP-base linkage map for use in biodiversity studies.
Materials and Methods

Plant Materials
We used 10 accessions of common bean from the germplasm bank held at the International Center for Tropical Agriculture (CIAT). Two were parents of F 9 progenylines DOR364 (Mesoamerican gene pool) and G 19833 (Andean)-and were used to standardize polymerase chain reaction (PCR) conditions and identify SNPs to be mapped in future work. Th e other eight were the Colombian cultivar ICA Pijao, Calima, and G 16110-all belonging to the Andean pool; the Mesoamerican G 4342; two wild Peruvian genotypes, G 23421 and G 23422, which belonged to the Andean pool; and two wild Mexican genotypes, G 23432 and G 2771, which belonged to the Mesoamerican pool. DNA was extracted from young leaves according to Tohme et al. (1996) .
Discovery of SNPs
Two strategies were used to discover SNPs in P. vulgaris. Th e fi rst was to use primers designed from coding and noncoding regions of P. vulgaris DNA sequences obtained from the GenBank database. Th ese were then used for the amplifi cation by PCR of a sequence tagged site from the 10 genotypes followed by the sequence analysis of the resulting amplicons using one or both of the PCR primers as sequencing primers. Th e second strategy was to use degenerate oligonucleotide primers (DOP) according to Jordan et al. (2002) . Briefl y, the primer set used for Arabidopsis was used again to construct a reduced library with 'G 19833' as the source of DNA. Th e DOP-PCR mix was made with 1 ng μL -1 of genomic DNA, 0.2 mM dNTPs, 1.0 U Taq DNA polymerase, 3.0 μM degenerate primer, 5 μL 10× PCR buff er, and 1.5 mM MgCl 2 in a total reaction volume of 50 μL. Th e DOP-PCR for P. vulgaris was done as for Arabidopsis, with the cycling profi le being 94°C for 1 min; 5 cycles of 94°C for 30 s, 45°C for 45 s, increasing over 2 min to 72°C, and 72°C for 1.5 min; 35 cycles of 94°C for 30 s, 55°C for 45 s, and 72°C for 1.5 min; 72°C for 10 min; and storage at 4°C.
A library was constructed, using the 8.5BJ primer (Jordan et al., 2002) . Forty-four cloned DOP-PCR products were sequenced with both vector primers. Specifi c primers from these DOP-PCR clones were designed and used to amplify the homologous locus from each of the 10 bean genotypes. Sequences from the genotypes were analyzed and SNPs discovered, using Phred/Phrap (Ewing et al., 1998) and Consed (Gordon, 2004) programs.
Coupling cZipCode/SBE Oligonucleotides with Microspheres
Procedure for coupling was done following Luminex Corporation's (2007) protocol. Once the polymorphism information was obtained via the comparison of the sequences from the 10 genotypes, SBE primers were designed for 32 polymorphic regions (for other regions adjacent sequences were no suitable for primer design) to compare the polymorphism obtained by sequencing with the polymorphism obtained using the SBE assay on the Luminex-100 (Luminex Corp., Austin, TX).
A total of 5.0 × 10 6 carboxylated LabMAP microspheres (Luminex Corp., distributed through MiraiBio Inc., San Francisco, CA) per assay were pelleted for 1 min, resuspended in 100 μL of 0.1 M 2-(N-morpholino) ethane sulphonic acid (MES) buff er (pH 4.5), and mixed with 1 nmol amino-substituted cZipCode oligonucleotide (1 μL of a 1-mM solution). A 5-μL aliquot of fresh 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) solution (10 mg mL −1 ) was added to the microspheres and also incubated at room temperature in the dark. Aft er 30 min, another 5-μL aliquot of fresh EDC solution was added to the microspheres and incubated for 30 min at room temperature in the dark. Th e microspheres were then washed with 1 mL 0.02% (v/v) Tween 20, vortexed, and pelleted for 1 min. Th en, 1 mL of 0.1% sodium dodecyl sulfate was added, the mixture pelleted, and, fi nally, resuspended in 250 μL of 0.1 M MES (pH 4.5) .
PCR Amplifi cation of SNP-Containing Fragments
All PCR amplifi cations were performed in a PTC-100 thermal cycler (MJ Research Inc., Watertown, MA) . Th e components of the reaction mixture were 0.15 μL AccuPrime Taq DNA Polymerase (Invitrogen Corporation, Carlsbad, CA), 1.0 μL 10× AccuPrime Taq DNA polymerase buff er, 0.5 μM of each primer, and 30 ng template DNA in a total volume of 10 μL. Cycling began with denaturation at 94°C for 2 min, followed by 40 cycles of denaturation at 94°C for 30 s, annealing at 46°C for 30 s, and extension at 65°C for 1 min.
Determining SNP Genotypes, Using SBE Reaction
Single nucleotide polymorphisms were genotyped, using an SBE assay of DNA from the 10 common bean genotypes used for sequencing. Th e reaction involves the SBE of an oligonucleotide probe designed to anneal next to the SNP of interest, followed by extension, using a fl uorescent dye-labeled dideoxy terminator. A total of 5 μL of PCR product to be multiplexed was treated with 1 U each of the enzymes shrimp alkaline phosphatase (SAP) and exonuclease I (ExoI) to degrade excess PCR primers and dNTPs. Th e reaction solution was mixed and incubated at 37°C for 1 h, followed by 15 min at 75°C to inactivate the enzymes.
We then set up four nearly identical reactions, which diff ered only in the choice of which of the ddNTPs carried a biotin-label. Th e 5.0-μL aliquot of PCR products (e.g., 0.5 μL of product in a 10-plex reaction) previously treated with SAP and ExoI was added to 5 μL of reaction mixture. Th is mixture contained 1 μL 10× Promega buff er, 0.064 U Th ermo Sequenase (USB Corporation, Cleveland, OH), 3 mM MgCl 2 , 0.12 μM of each SBE capture probe primer, 0.4 μM allele-specifi c biotin-labeled ddNTP, and 0.4 μM of each of the other three nonlabeled ddNTPs. Th e thermocycling conditions involved an initial denaturation at 90°C for 1 min, then 79 cycles of denaturation at 90°C for 30 s, annealing at 50°C for 20 s, and extension at 68°C for 15 s, aft er which the reaction was held at 4°C. Products from the SBE reaction were precipitated in ethanol at a fi nal concentration of 60%. Th ey were then incubated at room temperature in the dark for 30 min, pelleted, and dried for hybridization.
Hybridization procedures for binding the extension products to polystyrene microspheres were performed in a 50-μL total reaction volume containing 1× TMAC (3 M tetramethylammonium chloride), 50 mM Tris-HCl (pH 8.0), 4 mM EDTA (pH 8.0), 0.1% sarkosyl, and 3000 of each type of probe-coupled microspheres. Th e reaction was denatured at 90°C for 2 min and then hybridized at 55°C for 30 min. Th e fi nal step of labeling was performed with 200 ng of streptavidin in 10 μL 1× TMAC at 54°C for 15 min (60 μL total volume per reaction). Analysis was then conducted, using the Luminex 100 System (Luminex Corp.).
For fl ow cytometric analysis, microsphere fl uorescence was measured, using a Luminex-100 fl ow cytometer that was equipped with an XY Platform plate reader and Luminex-compatible analysis using MasterPlex GT Genotyping Soft ware (MiraiBio Inc.).
Analysis of Polymorphism
Polymorphism information content (PIC) indicates the capacity of a marker to reveal polymorphic loci in mapping experiments and in assisted breeding approaches (Botstein et al., 1980) . Polymorphism information content was calculated as Pi Pi Pj
Where ΣPi 2 is the sum of each squared allele of ith frequency in the population.
Haplotype Block Structure
We use the HAP program (Halperin and Eskin, 2004) to infer haplotypes from our diploid genotype data obtained from the complete SNP variation of each region based on the sequence analyses of the 10 genotypes. HAP takes as input a population of genotypes and partitions the SNPs into blocks of limited diversity. For each block, HAP predicts the common haplotypes as well as the haplotypes of each individual in the population (Halperin and Eskin, 2004) .
Results
Identifying SNPs in Coding and Noncoding Regions
Sixty primers were initially designed from sequences obtained from GenBank and DOT-PCR technology (26 from coding regions, 18 from noncoding regions, and 16 clones from genomic DNA). Once the PCR conditions were standardized, SNP variation in P. vulgaris DNA was estimated by directly sequencing 47 regions (standardized primers) and comparing the 10 genotypes (Table 1) . Sequence polymorphisms were detected across 20,964 bp of sequences, comprising 13,994 bp of coding regions, 4227 bp of intron regions, and 2743 bp of genomic DNA. For the 10 genotypes, a total of 239 SNPs were detected, giving an average SNP frequency of one per 88 bp. Additionally, a total of 133 InDels (insertions and deletions in the whole sequence) were found, with an average frequency of one per 157 bp. InDel size varied between 1 and 36 bp. A total of 117 polymorphisms (49%) were transitions (C/T or A/G) and 122 (51%) were transversions (C/G, A/T, A/C, or G/T) ( Table 1) . Nucleotide diversity was estimated as θ = 6.27 × 10 -3 in the 20.964 kbp of sequence analyzed in the 10 genotypes, θ = 4.11 × 10 -3 in the 13.994 kbp of the coding regions, θ = 14 × 10 -3 in the intron sequence, and θ = 5. 41 × 10 -3 in the genomic sequences analyzed.
Verifying SNPs on the Luminex-100 Platform
To verify if the results obtained from direct sequencing were the same as those obtained using the Luminex-100, we selected for further analysis, one SNP from each of 32 regions (from the original 47 regions) chosen by ease of SBE primer design. Th e 32 SBE primers were designed from coding and intron regions, and from genomic DNA. Twentyfi ve primers, 78%, (with 17 from coding regions, three from introns, and fi ve from the genomic library) functioned successfully in SBE reactions and were used for single or multiplex reactions on the Luminex-100. Seven SBE primers were excluded because of weak signals on the MasterPlex GT program. Table 2 shows data for primer sequences for the PCR amplifi cations and SBE.
Comparisons with the SNP genotypes previously obtained by direct sequencing indicated that the SBE genotypes (from the Luminex-100) were accurate, with 2.5% being miscalled and 1% giving no signal (Table 3) . For some, one or two individuals failed to give a signal. Of the standardized set of 25 SNPs, one SBE primer was monomorphic (CIATSNP18TG) using the Luminex-100. Th e data from the direct sequencing indicated that this single base change occurred in only one genotype. Observation of the original sequence in the Consed viewer showed low sequence quality scores in the region surrounding the SNP. Th e relative value of the validated SNPs was determined by calculating the PIC value for the 10 genotypes, which ranged from 0.17 to 0.50.
Multiplex evaluation on the Luminex-100 was possible, using diff ering numbers of SBE primers for each reaction (Table 4) . Using the HAP program, 156 common haplotypes, distributed in 50 blocks and 106 representative SNPs (from the original 239 SNPs found in the whole sequence) were discriminated from the full set of 10 bean individuals. A haplotype block refers to sites of physically linked SNPs which are inherited together. Regions corresponding to haplotype blocks generally have a few common haplotypes that account for a large proportion of individuals in the population under study. It is expected that all pairs of polymorphisms within a block will be in strong linkage disequilibrium, whereas other pairs will show much weaker association. Blocks are hypothesized to be regions of low recombination fl anked by recombination hotspots. We found in the majority of the regions that between two to six SNPs from the region could discern each of the haplotypes present.
Single nucleotide polymorphisms that distinguished the two parents of the F 9 recombinant inbred progeny of DOR364 × G 19833, would be useful for genetic mapping, using high-throughput analysis on the Luminex 100. Twenty SBE primers (eight from common bean and 12 from soybean) were analyzed on the 87 progeny (data not shown), using the Luminex-100 system. Figure 1a is an example of the intensity of the two parents' signals, obtained aft er comparing eight SBE primers on MasterPlex GT soft ware. In the left side of the fi gure bars indicate presence of allele A and in the right side bars indicate presence of allele G. When progeny was interrogated using the same set of SNP primers, heterozygous individuals showed intensity signals in both A and G alleles. Figure 1b shows the results of a survey of eight SBE primers evaluated in the 10 sequenced genotypes. In this case the fi gure shows the intensity of the signals aft er extension with a biotin-ddGTP.
Discussion
Th e plant EST database at the European Molecular Biology Laboratory (EMBL) holds over 5 million EST sequences. Th is number includes ESTs from the 50 or more plant species of interest to plant breeders and the scientifi c community generally and which are each represented by more than 5000 ESTs. Given the current technical capacity to detect in silico molecular markers, there is truly a vast potential collection of molecular markers present within these sequences (Rudd et al., 2005) .
Because public EST collections hold few data representing biodiversity, we assessed sequences to design primers that could be used to compare the sequence of 10 diff erent accessions of P. vulgaris. Th e frequency of one SNP per 88 bp with θ = 6.27 × 10 -3 is high as compared with frequencies obtained for other legume crops. ) with a frequency of one SNP per 277 bp (Zhu et al., 2003) . Similarly, cultivated species including barley (Kanazin et al., 2002) , sorghum (Hamblin et al., 2004) and rice (Feltus et al., 2004) have lower levels of sequence diversity than is present in P. vulgaris. Reports in maize indicate levels of sequence diversity similar or even higher than in P. vulgaris. Wright et al. (2005) reported θ = 6.27 × 10 -3 via the analysis of 774 genes in 14 inbreds while Tenaillon et al. (2001) analyzed a total of 14,420 bp of genic sequence in nine inbreds and 16 landraces and reported a nucleotide diversity of θ = 9.6 × 10 -3 . In amplicons derived from PCR primers designed to cassava (Manihot esculenta Crantz) ESTs, López et al. (2005) reported a value of one SNP per 66 bp (θ = 0.00659).
Reports frequently indicate that noncoding regions accumulate larger numbers of polymorphisms and that not . Likewise, Tenaillon et al. (2001) reported higher sequence diversity in coding versus noncoding sequence. In our case, we found results were similar across the diff erent genic regions, with one SNP per 68 bp in noncoding regions, one SNP per 76 bp in genomic DNA, and one SNP per 99 bp in coding regions. Similar 1:1 transition to transversion ratios have been reported for maize (Batley et al., 2003) , soybean (Zhu et al., 2003) , Chenopodium quinoa Willd. (Coles et al., 2005) , and Arabidopsis thaliana (L.) Heynh. (Jander et al., 2002) . In contrast, for sugar beets, the ratio of transitions to transversions is almost 2:1 (Schneider et al., 2001) .
Recently, a sequence analysis of common bean ESTs led to the construction of cDNA libraries from roots. Th e sequences of Mesoamerican and Andean genotypes were compared, with a total of 559 SNPs being found in 199 contigs (Ramírez et al., 2005) .
Many genetic studies require the genotyping of hundreds of SNPs in thousands of individuals, but such studies are currently diffi cult and expensive, even for well-equipped laboratories. To scan SNPs in larger samples of genotypes, not only for diversity but also for mapping studies, high-throughput systems must be adopted. For these, fl uorescence is the most widely applied detection method. According to Lee et al. (2004) highthroughput SNP genotyping requires two basic components: (i) an accurate SNP identifi cation method, and (ii) a compatible automated or semi-automated technology platform that allows rapid handling and scoring of data. Table 3 . Genotyping data for 10 common bean genotypes (starting with DOR364), using standardized single base extension primers on Luminex 100 System. † PCR primer SNP SNP type DOR 364 G 19833 Ica Pijao Calima G 23432 G 16110 G 23421 G 4342 G 2771 G 23422 Th e Luminex-100 fl ow cytometer is a multi-analyte detection system that uses fl uidics to move uniquely colored microspheres bearing attached assays. Each microsphere passes through a narrow channel where a laser identifi es its type (color code based on the ratio of two fl uorescent dyes) and thus the specifi c assay it carries Iannone et al., 2000 ; http://www.luminexcorp. com/). A second laser quantifi es the reaction (which is chemically bound to the surface of the microsphere) according to the fl uorescence of a reporter molecule linked to the assay molecule as a result of a SBE or some other reaction. Microspheres with 100 unique color codes are available. Th eoretically, as many as 100 reactions can be multiplexed in a single microtiter plate well.
Reaction primers or probes carry a unique sequence (ZipCode), which is complementary to an oligonucleotide sequence (cZipCode), on the surface of a specifi c color-coded microsphere. Th is provides the needed specifi city. Single nucleotide polymorphism-genotyping assays that are high-throughput, accurate, and inexpensive are needed to effi ciently use SNP markers in plant improvement programs. According to Chen et al. (2000) , as many as 120,000 genotypes per machine in an 8-h day can be determined by combining sets of 100 microspheres and by the use of automation.
Another attractive feature is that the Luminex-100 platform can be used with a variety of SNP-genotyping assays. Th ere are many considerations in selecting a SNPgenotyping assay, and the choice depends partly on the purpose of the research. Two major considerations are cost per data point and simplicity of data acquisition. For genetic mapping and diversity studies requiring many markers and a high level of multiplexing, allele-specifi c primer extension (ASPE) is more cost eff ective and simpler than SBE (Lee et al., 2004) .
Th is paper provides the fi rst report of the genotyping and mapping of SNPs in P. vulgaris on a high-throughput platform. We will attempt next to further increase the effi ciency and throughput of genotyping by employing multiplex reactions in SBE or ASPE. In addition to further SNP discovery we will attempt the development of robust multiplex assays that will increase throughput and reduce the cost per data point of SNP analysis.
In the particular case of P. vulgaris, for which few public data are available, the use of SNPs and SBE primers from soybean was made possible through the collaboration of the Soybean Genomics and Improvement Laboratory (Beltsville Agricultural Research Center [BARC] of the USDA-ARS). Fift y SBE primers from a soybean set were validated on the 10 bean genotypes and were used to genetically map a segregating F 9 population of 87 common bean individuals, using Luminex-100 (data not shown). Future studies to develop more cDNA libraries from diff erent bean varieties to fi nd additional SNPs and also validate the new SNPs reported by Ramírez et al. (2005) must be performed if they are to be used in common bean breeding programs.
